Profitability of using alternative protein sources in broiler feed is investigated t h r o~~g h the development of a two-stage mathematical program that optimizes broiler production. A case study of peanut meal 1,s. soybean meal is examined. Value of ~n a r g i~~a l product concepts incol.porated in this model permit analysis of de~nand ~ldjustments beflre decisions on the production process occur. Given reported input and output prices, results indicate that soybean meal is generally more profitable than peanut meal. Peanut meal can be more profitable at higher dietary protein levels fcd to broilers processed inlo whole carcass or at rclativcly higher prices for soybean meal. K e y Words: 111u.rirnum 171-ofit, pc'rrnut t~zrtrl, soyhclrn nic,uI, vlrlcrc, r?f' rncrr,qitztrl prod~rc.t.
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T h e feed industry in the United States uses soybean rneal ( S B M ) a s the protein basis for broiler rations, considering other sources, such a s peanut rneal (PNM), to be inferior protein ingredients. Outside the United States, however. other protein sources, including PNM. have beer1 more widely used as inexpensive sources o f protein in animal rations (Anderson). Peanuts and peanut oil are used mainly for human consumption. while P N M is a bypl-oduct of the oil extraction process and is used in animal feed only. P N M protein lacks important nutrients required for broilers, being deficient in at least three amino acids: threonine, methionine, and lysine (National ReEcio F. Costa. Bill K. Miller, and Jack E. Uouston are post-doctoral associate. professor emeritus, and associatc professor, I-cspectively, in the Department ol Agricultul-nl ant1 Applied Economics, and Gcne M . Pesti is professor in the Poultry Science Dep:~rtmenl, all at thc University of Georgia. search Council, NRC). S u c h deficiencies m a y b e overcome, however, by supplementing purified synthetic forms of threonine, methionine and lysine that are n o w available c o~n m e r c i a lly at prices that allow their use in livestock feeds. Methionine a n d lysine have been added t o poultry diets for many years: threonine has only recently become available in synthetic form. Because P N M is generally lower in price than SBM, P N M with a m i n o acid supplements may b e competitive with S B M in poultry feeds.
Apart from the possibilities of acceptable substitution of protein sources, it behooves the poultry and feed industries t o determine the profitability of using P N M or other protein sources from by-products in their broiler rations. Profitability generally will b e driven initially b y the f a r m price that a production firm receives for output sold at the farm level. Production decisions o n input use will then depend on the productivity of inputs and thus relati\:e costs. Althoi~gh farm price is generally required for economically optinla1 production decisions, in fact there is no marketplace or mechanism f i~r discovering broiler price at the farm level in a system vertically integrated through that stage of production. Broilel-productionlprocessi~ig firrns contract performance standards and feed regimes to producers (or growers) at terms for each consignment (ownership remains with the integr:~tor). Contract pricelpel-fonnance standards are set by the integrator. and the LISC of' most profitable feed sources and proci~~ction processes are of most interest to the integrators, given the fact that the growel-'s role is simply to meet the contract signed by both pal-ties. It may thus be useful to estimate an equivalent farm price derived I'rom supply-demand conditions at the processorlwholesale level to prescribe an efficient solution.
Least-cost feed for~nulation has been the m:!jor tool for broiler production economics ancl prolit rnaxiinization models. In the 1950s. mathematical programming generated a renewed interest in feed formulation. Since then, the major concern has been to ~n i n i m i~e cost of tked, and little consideration has been allocated to other deterininants of maximum profit. Least-cost ration.; minirnize the cost of diets, given a certain set of ingredients and their nutritional content. An important assumption of least-cost fc)rmuloted diets is that every ini it of a least-cost formulated ration has the same productivity regardless of ingredient sources (Allison and Raird) . However. this assumption may not be true.
Procluctivity differs among input sources for similar attributes: L,.S.. broiler performances in experimental trials of those fed PNM protein V.S. those fed SHM protein have been shown to differ signiticantl y . Furthel; productivity of inputs also differs among lcvels of utilization. such ;is when higher protein use yields tlcavier broilers in a shorter period. Specific productivity measures rnust be included in a model that determines the maximum returns to production subject to given levels and sources of inputs. In addition to productivity concerns, other important determinants of profit are not fully considered when least-cost feeds Lire used as the r n~i o r tool for broiler production. Total feed consumption and the weights ancl values of broiler parts are also mqior determinants of profit. Their influence in optimal allocation of protit and production must change the goal for animal nutrition from least-cost feed to a more broadly profit-niaximi~ing feeding ration. Further, a major tenet in the determination of maximum profit that is considered in this study is the level of protein fed to broilers and its impact o n important variables that affect profit, such as feed cost. body weight, feed consumption and weifhts of processed parts.
In the 1990s. studies were developed to determine rnaximunl profit levels instead of least-cost feeds. Gonzalez-Alcorta. Dorfinan and Pesti develop a protit ~naxiniization rnodel that uses nonlinear programming and separable linear programming to determine the precise energy ancl protein levels in the feed that maximize profit. Their nod el is distinguished by the assumption that body weight is not tixed at a predetern~ined level. Feed cost is not determined by least-cost feed formulation. Rather. feed cost is determined as a variable of the profit maximization model in a way similar to that described in Pesti, Arraes, and Miller. They conclude that the mathematical programming functions applied in their model show that setting energy and protein levels that vary wit11 outpi~t and input prices can raise protit compared to tixed diet levels of energy and protein based on previous nutritional guidelines.
Our study evaluates and determines profitable. efticient feed cornpositions and strategies fi)r broiler prod~~ction using two feed protein sources (PNM and S B M ) and three levels of protein (16 percent, 20 pcrccnt. and 23 per-cent) for each source. Given the prices of broiler carcass and cut-up parts, productivity data, cost of processing, and cost of feed ingredients, the study assesses econon~ically efficient production and processing of broilers. Along with this economically efficient output. important variables-such as growth period. live and processed weight of a broiler and its cut-LIP parts, feed consumption, feed composition and feed efficiency (unit 01-feed per unit of o11tput)-are considered within the decision and management ti-a~nework. The analysis determines what combinations of feed fc)rnmulation and grow-out processes are most profitable and how much time should be allocated to the grow-out process under varying prices of o u t p~~t s and inpi~ts.
Modeling Framework
A procedure for determining a derived demand price at the farm level, or value of the ~narginal product to the integrator (Equivalent Farm Price, EFP,,), for broilers is tirst postulated. Dock prices reflect consumer expectations, but these prices must tirst be translated to the production level. Farm prices for broilers are not available. due to the vertically integrated system of production and processing. Thus, it is desirable to calculate a derived price that will be equal to the dock price discounted by the costs involved in the transportation, processing, marketing. and other activities that arfect integrator profit margins. Although cost is one determinant of market prices, consumers have the option of choosing less-expensive goods. While such a situation forces prices to be discovered in the consumer market, supply adjustment can only be made at the grower level. Therefore, it is necessary to account for derived demand at that level before a supply decision is made. This model will help to determine the most protitable allociition of inputs for the production of broilers given their derived demand prices. The EFP, of a broiler is thus a key variable in profitable decision-making on the use of inputs such as SBM, PNM, or other substitute ingredients. Government agencies and private corporations calculate equivalent farm prices for broiler production to estimate integrator profits in the absence 01' price determination at the production-level. Different approaches can result in alternative measurements for equivalent farm price. We d o not attempt to determine an equivalent farm price that will be used in every production process situation. Instead. we calculate an equivalent farm price to be used in the situation represented hy a particular production process that is predetern~ined in the model. Previous studies have cxamined thc technical aspect of producing broilers fed PNM. but they have not a n a l y~e d the productivity nor price conditions under which alternative protein sources such as PNM coulcl replace protein from S B M efficiently. T h e economically efficient adoption of alternat~ve protein levels and/or wurces ( r . ,~. , PNM) which we model in thi\ \tudy car1 enhance broiler productton and profitability in area\ that have high peanut or other oil meal production. Such areas will greatly benefit from using the most suitable alternatives. A two-stage rnodel tlhat minitnicles feed cost in the first step and maximizes integrator profit per bird per unit of time in the second step of a broiler production process is then constructed under the given constraints determined by economic and technical restrictions. Figure 1 describes the flow of processes that transform inputs at the farm level to produce live weight birds and hence to flow to the processing stage. where carcass weight is the basis. 1nfc)rrnation feed-bach, via value of marginal product (VMP) concepts, is then used to determine eqi~ivalent farm price (EFP,), Seed efficiency. number of days necessary to grow broilers ( t ) . bird live weight ( H W ) , and the rnaxirnum level of profit (n).
Seasonal or other changes in demand can cause fluctuations in price, and costs o f processing, among other costs, must be discovered for carcass and cut-up parts. O n the other hand. supply acljustment can only take place at the farm level, although the decisions on such adjustments are made by the integrators. This model demc)nstrates the implications of supply nd.justments of birds' live weights to predetermined market priccs of whole carcass chickens through the system. Dotted lines indicate derived demand calculations that, cornbinetl with physical flows, determine maximum profit. In the chart, the term furzction means that coefficients are estimated from experirnental data or secondary data. Labor and capital costs at farm level and capital cost at plant level must be considered. but these are not included in the current model. Such costs are thus the inputs to production that must be paid from the net revenues that are to be maximized.
The flow chart ( Figure I ) depicts the production process. beginning when SBM or PNM is chosen as the protein source at predetermined protein levels for feed formulation. Feed ingredients are determined and fixed nutrient requirements are set for given biological requirements as determined by the NRC. Nutrient requirements. feed ingredients, and ingredient prices are the basis of determination of a least-cost ration (or feed cost. whose price is P , ). This least-cost ration is a minimum cost combination of the predetermined protein source and level and of the other fixed levels of ingredients constrained by nutrient requirements. Feed cost (P,.) . equivalent farm price (EFP,) , and feed consumed (F,.) are part of the broiler production function that detennines the profitable live weight of a bird (BW). Bird live weight must be produced in the broiler house, where spacelbird, a function of average temperature, bird live weight and male percentage, will determine the number of birds to be placed in the house. Mortality function. which is estimated as a functiori of time, determines the number of b i d s finished after the grow-out process is con~pleted. Catching and hauling costs are deducted when birds are transported to the processing plant or to the carcass weight basis side where the second stage is started. At that point, dead-on-arrival and field-condemned birds must be subtracted from the number of birds finished, and their disposal value must be added to the calculation of equivalent farm price.
On the carcass basis side, variable processing cost and dock prices of whole carcass and cut-up parts, in conjunction wit11 processing yield functions. determine whole carcass and cut-up parts weights and are used to estimate a weighted average price (or derived demand price) of whole carcass and cut-up parts. The yield functions are determined by feed protein levels and bird live weight. The weighted average price then enters the V M P calculation, and the VMP and disposal values are used to determine the equivalent farm price, which is part of the profit function.
Endogenous and exogenouslpredetermined variables used in this model are presented in Table 1 . Since this is an interactive model that uses estimated regression coefficients and is executed in two stages, some variables are determined endogenously in one portion and are later used as predetermined or predicted variables. Using appropriate parameters obtained froin analysis of experimental and secondary data, the model has a two-stage solution procedure for each level of protein and each feed ingredient source. Global optimization is achieved by iteration of protein level and ingredient sources. In other words. in the first stage feed must be formulated using linear programming to obtain a minimum cost at a predetermined level of protein and for a particular feed ingredient source incorporating any necessary amino acid supplements. The minimum-cost feed meets all nutrient requirements for broiler production determined by NRC. In the second stage, the formulated feed and its cost are used to find the optimum live and processed bird weights and minimum production time that maximize profit using nonlinear progranilning. The global optimization is ascertained after model scenarios are analyzed for the protein levels (16 percent, 20 percent, and 24 percent) and ingredient sources (PNM and SBM).
The first stage is summarined by the folk lowing equations:
Subject to: that is, the least-cost feed function minimizes the cost of feed for pre-determined ingredients (X,) and their prices (P,, 1). The constraints meet nutrient requirements for technically efficient growth and are represented by level of lnetabolizable energy in the ration that nus st be at least equal to the predetermined level (ME), where a, is the technical coefficient for energy for each ingredient (2); level of protein ( P ) in the ration must be at least equal to the level desired by the firm, where P, is the technical coefficient for protein of each ingredient (3); protein ratio of each nutrient to level of protein in the diet must be at least equal tc) the level desired (TJ,) , where p,, is the technical coefficient for the nutrient value j of each ingredient i (4); the sum of all calcium content in the ingredients must be greater than or equal to the desired calciuln content (Cri, 5 ) ; ratio of calcium to available phosphorus must be equal to 2: 1, where p, and 0, are the technical coefficients for calcium and available phospho-I-us, respectively (6); the sum of all ingredients must be equal to a unit of feed (7); and all ingredients must have non-negative values in the solution (8).
The second stage is explained by the following equations: ,,,,) + ~t '~~, (DOC, , , , , , ) )IHW Interest cost is determined by annual interest rate and number of days spent by broilers in the house (12). Equivalent farm price of broiler is equal to live value of broilers delivered to plant divided by the number of birds finished per house (13). Live value of broilers delivered to plant for whole carcass i 14) or for cut-up carcass (15) equals the number of birds finished in the house time\ the sum of the value of live birds delivered to the plant and the value of dead on arrivals and field condemnations, where P,, is the weighted average derived price of a bird processed into whole carcass. P,.,, is the weighted average derived price of a bird processed into cut-up parts, and P,,,,, is the price received for disposing of LIOA's.
Weighted average price of a bird processed into whole carcass (estimated VMP of a live bird) is the sum of the value of the carcass, value of fat pad, value ot' giblets, and value obtained for offal divided by bird live weight (14). The value of carcass ( 16) comprises the carcass weight (the difference of' dock price for the carcass less processing cost and catching and hauling cost), and accounts for the value obtained for fat pad. giblets. and offal. Processing costs are si~btracted from three of the values, with the exception that offal does not have processing cost.
Weighted average price of a bird processed into cut-up parts (or VMP) factors the values of breast, leg quarter. fat pad, rest of chicken, giblets, and value obtained for offal divided by bird's live weight. Value of breast is obtained by the product of breast weight and the difference of dock price for breast weight, processing cost, and catching and hauling cost, shown in the first part of equation 17, and the remaining parts account for the value obtained for leg quarter. fat pad, rest of chicken, giblets, and offal. Processing cost is subtracted from five values, with the exception of offal.
Equations 18-22 are estimated as processed weight, w,, of each part / derived from a live bird ( I = W B for whole carcass, BR for breast weight, LQ for leg quarter, FP for fat pad, K C for rest of chicken, GIB for giblets, and OFF for offal). Sum of all processed parts must be equal to the live weight of the bird. Each equation is estimated as a function of live bird weight and protein level. Coefficients   u,. a,, h,, 1) ,,,, b , , , h,,. h , , and h , , are estimated by O L S on experimental trials data, and their values depend 011 whether SBM or P N M is chosen as protein source, with coefficients tr, and a, modified by the level of protein in the diet . Coefficients c~, , ( I , , , u,, h16, I) ,,, /~,X, hlqr b2,,, b2,, bZ2, b2?. bZ4 and b,, are Body weight function\ are e\timated for each protein source u\ing the feeding experlmental data and OLS procedure (Table 2) . Live body weight of chickens increases at a decreasing rate with respect to feed consulned for each protein source, although somewhat more rapidly with the SBM diet. As protein level shifts to 24 percent, body weight value is increased by the coefficient of the dummy variable for 24-percent level of protein. Conversely. when protein level shifts to 16 percent. hotly weight is decreased. All variables are significantly different from 'el-o and signs denote production behavior that confirms previous studies' production functions (see Pesti, Pesti and Fletcher. anti Pesti and Smith) .
Feed consumption is a n a l y~e d as a function of time and protein levels using the feeding experimental data and OLS procedure (Table  2) . Estimation results indicate that feed consumed per chicken increases at an increasing rate with respect to time, again somewhat more rapidly on SBM than on PNM diets. Also. as protein level shifts to 24 pel-cent, feed consumed is ciecreascd by the coellicient ot' the dummy variable for 24-percent protein level. However, when protein level shifts to 16 percent, feed consumed is not significantly different from that consumed at the 20-percent protein level. All signs were obtained as expected for the productivity relationship as mentioned in the previous paragraph.
Carcass weight equation and cut-up parts equations are estimated for both PNM ancl SBM. Carcass weight is estimated as a function of live weight of a broiler and protein levels using the feecling experimental data and 01,s procedure ( Table 2 ). The effect of protein level on carcass weight is positive (but not significantly different from ~e r o ) for higher levels of protein in the PNM model. but negative and significantly different from zero in the soybean model when protein level changes from 20 percent to 24 percent.
Parameter estimates for C L I~-L I~ parts o f broilers using the feeding experimental data are presented in T:thle 3. Estimates are obtained by using SUR. given that all processed parts of a broiler add up to a whole broiler.
All equations depend directly on the total body weight of the chicken. Weight of breast increases as the percentage of protein increases, significantly for all protein level shifts for both P N M and SBM models with the exception oi' the P N M model from 20-percent to 24-percent protein level (DUM,,) . Weight of fat pad decreases as the percentage of protein increases. This change is significantly different from zero for protein Ie\:el shifts from 16 percent to 20 percent (DUM,,,) for both PNM and SBM models, but it is not significantly different from zero for protein level shifts from 20 percent to 24 percent (DUM,,) . Weight of rest of chicken decreases as the percentage of protein increases, significantly different from xero for the 20-percent to 24-percent protein level shift. PNM coefficients show more improvement in weight of parts as protein increases than those in the SBM rnotlel.
Auxiliary data are usetl for the estimation of two other important functions in the model. Data o n mortality tund density functions are collected from a st:~tistical annual report of broiler live production, Agri Stats, that consists of information collected from approximately I 16 participants of the broiler inclustry in the United States. Estimated parameters for density and ~nortality models are as follows: -processed-as-awhole-carcass ( B P W ) and in broiler-processed-as-cut-up-parts (BPP) 
Conclusions
The value o f marginal product concept that i \ applied in this model clearly demonstrates that as price of carcass or cut-up parts changes, the number of grow-out days necessary to maximize profit for broilerc, final live weight of each broiler, feed consumed, and other variables in the model will vary to make the adjustments necessary to maximize pr-ofit for the production/processing integrator. The results obtained from feed experiments and from mathematical programming show that S B M is generally more efficient and. at the set of input and o~~t p u t prices used, more protitable than PNM. especially at lower dietary protein levels. PNM can be more profitable than S B M only when higher levels of protein are fed to broilers processed into whole carcass or at relative prices where S B M is higher than averages in 1997. Analysis of experimental data shows that S B M productivity decreases earlier than does the productivity of PNM, i.e., as higher levels of protein are fed to broilers, PNM continues to add value at a higher rate than SBM. Further analysis may be necessary to determine the level at which P N M protein productivity will decline.
Analysis of weekly prices of carcass and of cut-up parts to determine the seasonal pattern that prices follow may enhance the usefulness of the profit model. That is, feeding rations, production periods, and processing as whole or parts may be altered seasonally to adopt the most profitable production and processing combinations during each period. Although P N M may not be competitive with S B M at some prices, it still may benefit the integrator to alter feeding regimes with S B M ( r . g . , protein level, days on feed) or processing whole vs. parts to take advantage of seasonality in pricing. This broiler profit maximization model detel-mines the maximum economic profit with respect to resources that are used and have variable costs. A long-run model in which all resources are variable may provide further useful implications to the industry for alternative feed programs.
